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SUMIARY

An attenpt has been made in this investipation t¢ find out 17 the
anomalous adsorntion of holiwm at low temneratures, as oiserved first

by Schaeffer, Umith and “endell and later by Lon;: nnd Meyver and also by
Frederiske and Gorter, can be explained on the hypothesis that the

surface of adsorption perturbs the alectron wave Tunctions of the adsorbed
atoms so as to give risc to increaced van der .‘aal attraction between them,
#we find an increase in attraction for hydrogen atons but fcr helium atoms
no appreciavle increase in atiraction is found out. The investigation
leads us to believe thiat the excess adsorntion in case of helium may be due
to some other cause and the possibility of diffusion of the helium atoms
into the solid through the adsorbin; surface i nointed out,
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On Anomalous Monolayer Adsorption

The early work on the adsorption of helium on solids was performed at quite
low pressures ( < 1 mm Hg), and consequently at saturaticns well below 1%, The
preliminary work of Keesom and Schmidtl was followed by that of Keesom and Schweers2o
The data showed that even at these low saturations a considerable adsorption occurs,
The adsorntion of a rare gas such as helium should, at low saturations, be the

3

case nearest to the conditions assumed in the derivation of the Langmuir” isotherm;
however the data could not e fitted to the Langmuir equation. From later work, to

be discussed below, it was found that the volume of helium adsorbed is quite
anomalous; also, the data of lchweers show that the heat of adsorption decreases from
almost 100 cal/mole ut about 10% coverage to about 4Q cal/mole when approaching
completion of a monolaver. Uince the Langmuir eyuation assumes no interaction between
adsorbed particles (heat of adsorption independent of coverage) obviously the isctherin
cannot be applied to the case of helium,

Later work was devoted to multilayer adsorption. Frederiske and Gorterb
measured isotherms on Jeweller's rouge (Fe203) and on steel Trom 1039°K to 2026CK;

Schaeffer, vmith and 'endells measured isotherms on two difizrent carbon adsorbenis

at the b.p. Long and Meyer®

investipgated adsorption on F‘e203 at 1,53°K o) 2°hEOK;
7 0 8

Mastrangelo and Astoa reported isotherms on ’I‘iO2 at 2,11 K; and Strawss has
measured a series of weipht isotherms on Fe203 at tewneratnres ranging from 10590K Y
L. 21°K.

ochaeffer, Smith and “endell were the first to derive the volume adsorbed in the
first layer, They determired the surface areas of their carbon adsorbents from
adsorption isotherms of nitrogen, for wiich the adcorbed volume is well known. Using
this as a comparison, they found thet volume adsorbed for helium at the b.p. is far

greater than that calculated from the surface area of the adsorhemts and the cross-

section of helium atom, as derived from the density of ligquid helium. 1n almest ali
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other cases, these two values ditfer for spaerics® volecules Ly only a few nercent.

The subsequent drta of Frederiske ~ud Gorter (1950 and Tonz and Meyer (1949)
for adsorption on 1"‘9203 confirmed these results, ‘e densitx of adsorbed herium
in the first monolayer is much hirher than that of Liauid at the came “emperature.
At terneratures below 2°K, values up to four wimes the liquid density were observed;
in the liquid helium the spacing of helium atoms is annroximately hg,U,, whereas in
the first adsorbed layer it is reduced to valuas as low as ZPOXon corresponding roughly
o gas kinetic diameter of 2,1XOUO

Long and ¥eyer (19:9) also showed that such data cennot be fitted with the
3,5.7,7 {heory of multilayev adsorption, The 3.in.T. thsory assumes that the site
of an atom adsorbed in the first layer is a polentisl site for atoms in the hiecher
Layers. If, however, the first layer is of much hirhor density than the liquid,
and therefore than that of higher layers (which rmst ravidly approach liquid density,
nrovided the attractive forcen are van der Waal in cririn) then it contains more atoms
per unit area than the next higher layer can accommodate, Bandlo showed, however,
that even in this case it is juctified to use the formalism of B.r.T. theory. He
included a correction for the anomalous packing in the first layer and found the
resulting isotherm agreeing fairly well with the observed isotherms fo1- heliuns at
low temneratures, It is pointed out in the above work that one can calculate the

A,

number filling the first lajyer from spacing in the Lliqui< phase ordy if ne anomalous
packing occurs and also that the monolayer isotlierm is altered not only by anomalous
packing, but also by the fact that the energy ol adsorpiion recomes a function of
coverage even below one layer, The modified isotherms are deduced from a class of
functions essumed for the dependence of monolayer adsorption energy on fractional
coverafen

Several qualitative arguments have been advanced for the anomalous packing

in the first layer. Long and Meyer have suggested that in the adsorbed film, inter-

actions with the wall, much stronger than the van der vazl's forces of helium -

:l
VNt

«
%,

L

MR B

As :@&t

AL

Ak

A
P

CREE

214
58

¥

a

i g i

&
4

[

]
e ]
R
:




T

TR ERTT T

Leid 2ol

TS T Y

Z o et :.—.-,-'—'J-' LR R NN A 0T AL s e PRIRe 2 o Ch e R AU SR » T pge e i R ALARE LA 22y Sk S e reny .;%M%%n_mm

telium interactlon, owarcatesd g 1eni e asndon of Lhe wers-point wiergy, which
cauzes the liquid phase to L preasly blown—-3s, vith the resvld shat the first

layer is compressed to sbout ras kiretic diameter i.e., the diameter of the electronic
shell of the helium atom, 23 & consequence on {illing vp the first layer, the
repulsive action of zerc-point energy must counteract more and more the attractive
forces of the wall, and thus the effective heat of adsorption should drop strongly
as first layer becomes occupied. Thic argument is borne out by the data of Schwecis
previously mentioned. Mvidently, in the cawse of helium, the sero-point energy
arovides an erergv of interaction of the sare orcer of ragnituwde as the heet of
adsorption itcelf, On the completion of the first layer the orces of the wall are
to a great extent balanced by the zero poiat eneryy; and the heat oi' adsorption is

then onily slichily higher thau the haeat of vaperiretion of bulk liquid.

Q The exprsioents as inclonted abuwe hiawe shown that hellwn is comressed in the
Tirst layer 4o whe ous kinetic dizneter which is Lower fhon the van der Wiaal winimum
¥ 1

for helium ~ heliwm interacticn. KFarvgerav — has calcoulaved ib2 minimar distence
for two heliuom atoms taking cipole - Jdipcle, dipcle - guadropole and guadrupole -
quadrupole interactions into account and obtains a value 2 8] which is less han the

e A L. S ; i
value L,,C()..‘, cbtalned by Secter and Wirkwood o The aubual interaction suergy cigve
cbtaired by Largenav {log.cit] suows that there s a huge amount cf repwleisn even

] 0 A o~ . N o - <

If we try te bring the helium etons to a distance of sbout kcl;..@kudc. Yo that i¥ the

H

stoms are nacked in the first layse »ith s spacivg of about 24 ‘,J then these repulsive
Zovces have Lo b2 overcome Dy sows Xorces due Lo adsorbing solid surfazae. fn attemnt
ias been made in this investigation to recaleunlate bhe heliim ~ helium van der Waal
interaction after the wave functions of the electrons of helium ateme aave bean
vertarhed Wy the dntocachien of the golil «vrlzee, The effect of the surface has besn

BT

. Lesen inte account Ly postirlating an clectrical Tield F  actirg vn the 2dsorbed

atons anc under the effect ¢f this fivld we find the perturbed eigenfunction of the
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electrons of the atom in the ground state. Then using these perturbed wave functions
we calculate the chanped interaction energy betieen the adsorbed atoms arranged on

the sufface as polarized dipoles with their polarity in the opposite directions,

First the case of adsorbed monatomic hydrogen is worked out because the problem is
simpler and gives an insipfht into the method, Uince the ranye of valence forces is
much smaller than van der “aal forces we can safely treat the hydropen atoms at a
distance corresponding to van der vaal forces tn Le quite far removed from the formation

of any molecu’es,

e N
Ja
where a, 1s first Bohr radius of hydrogen atom and the next higher state (n = 2)

For a hydroren atom the unperturbed ground stete (n = 1) is Yo =

has four eigenfunctions

y _r
~y | /|)1< 1')Q?Gu
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The state n = 2 is thus four fold depenerate. I1f we consider the adsorbing
surface as (x,y) plane, then F acts in the z-direction and $0 the potential energy
of the electron in this electric field is L_ =-Fez= —Fercost . This perturbing
field splits the four fold degernerate state n = 2 into two single states and one
doubly degererate state. If the effect of states n = 3 and higher is neglected one

obtains, using the formalism of the verturvation theory for the degenerate case, tha

perturbed wave function for the ground state
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#e call an atom whose perturbed wave function is ziven by (2) as atom "a",
Another atom which is sdsorbed with opposite colarity we call atom ™™ and this

rerturved wave function for the pround state

¢ )
- J & Ly 8
fL g’_e_e.c A sy g I ‘(,—-i—-f” W et 3 £
q\;jn' wt&b.‘r, ?’\g-_ i3 ﬁm 1’;.»1'.‘ -+ 'J.l' ‘s %: _ __g 'i:fn,,-.f o 4 TRae i s, Ii { (3)
LA tew 243 . T == =LY § -
e L. 22 - 3Fca. )(l | 3& 4 1 Fea,
k- E P * &y, 5

where we tave changed the sign of F and also it is understocd thst the wave

; 2 53 S 2 3fen
functicn _’L_:_ { Wi — Vo, } corresponds now Lo €nercy E; + 32Fea.
= i

and _L ., 8t ., 080 g to the energr state E:-— IFe-~, while it was the

e Lre A §
!

reverse for the atom "a%.
The energy of interaction between two hydropen atcms is composed of several
rmliinole 'm’:rnz1m]'3 with conopole term teing zero. e take the first arvreciable

term only which is called the dipole term given by

’ i 5
H = i—i ﬁ\?«.-ﬁz &3 :'11“;";\?:5 32) (h)

where € is the elecironic charpe, R the imterruclear disiznce of the two atoms
widle {x , v, z,) and {x,, 3, =,) are tre coordinates of two electrons, or if we
use spherical nolar coordinmates { 7,5, 4 ) with z-axis on the surface amd along the

lige joining twe atomic mclei, we have
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In the evaluation of mutnazl interaction energy the Cirst crder term
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coes from the second order term
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e shall keer In mind that in the evalusilon of above imtegrals we shall

chiange c©os @ cceowring in“fu to rek in order 1o take sccount of the chance in z—axis
Lt

direction. The mmerator of {7) rednces %o
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3 In order to find a numerizal estimate of the above expression we need the value
of F which we derive from the data of adsorption of hydrogen on glass as found out
by Keesom and Schv';ers (Loc. cit). They found that adsorption energy for hydrogen
on glass is about 1000 cal/mole which we equate to 1/2x2«N 2 where N is the Avogadro

&)
mmber and & is the polarizabiliiy of the hydrogen atom which has a value

2.4

2 "n °
This gives - o
2 Ax §oo X 419 X 1 b4alg Xin
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and using this value of F in (9) we pet the numerator of (7) as

17
. 7 - * 464 2 2 2,
2 € (a?‘-f '3(~35n;‘/\(f‘3 + '265"-%) i =3 (« +—-l~-4sqo)(a3+ .;:umo)
& L
= 20 bele)
RE.
4 &
= £ (4 heto) (11)
RE6 \

From equations (2) and (3) we also notice that the denominator of (7) is almost
- 2 (3
equal to one as the first order terms in F integrate cut to zero and F part is very

small, Thus we c¢btain

Af : ¢
3 WR - — J—.“_—\‘(#—'“T_'j:

Qé )‘J /{;()
R .

. . 8€ 4 <l+-1+r(o} (12)
R ¢ /

Showing an increase in the atiraction between abeorbed atoms of some L%,
fie rnow return to owr main problem of finding, if the heliuww atoms, adsorbed

on the plane survsce according to this model, will have enourh inercased mutual

interaction sc as Yo explain the closer packing as evidenced by experimental results,
5inecz the wave function of a heliunm atom in the cround st te is not known in the

closed form we shall use the most promising one obtained by variational method and

used by Hasse ' Lh to find out the most accurate value of the polarizability of the

l:elium atom in an electirical field. The unperturbed wave function for the sround
O state is

(13)
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a where v and 7, are the distances of two electrons from the center of the
nucleus and T is the intereclectronic distance. The distances Y, » Ty and Y2 ¥
are expressed in dimensionless ilartree units where the unit of distance is the
first Bohr radius ( «, = .S’Qz;x;:g\'»,); N and C are constants having the ‘:
values i
C = .36, |

N = 1,849

The pertvrbed wave-function is

-Nn ( ] +\F;_)

\*/‘ - ¢ (‘...cf'z)('-f—/—\,'x‘-I-Ang 'f'B'T_,jI +1’327’1X:) (lh)

where 7 and X, are the x-cocrdinates of the two electrons expressed in llartree

units and Al’ B Ay, B2 are dimensionless constants having the values

W

3 Al = A2 = OoBth F

t

5 T

Bl = B2 a 0, 381‘5 F

F here is dimensionless force exprcssed in Jlartree units. The coordinates of the
electrons of adsorbed atoms referred to a rectangular system of axes with adsorbing
surface as y-z plane, the line joining the nuclei of two atoms as z-axis and with

XKraxis perpendicular to the surface.

Rl T s

Since 4;, By, Ay, Bo ‘are nearly equal, we write the perturbed wave function as

= .rﬁ i
-71,(7"'-*12) 5 g "{
AN ()+Cﬂ1)[|+A(x,+ua+1jx,-r7;_12)} (15) §

where we put A = 0,3845 F, For another helium atom adsorbed on the surface with the

electrical force acting in the opposite direction, the wave function would be

-N Tsfﬂ )
/-\4/ (

2 = € (|+ca%)[l—/4(15¢x,f Ty +,—;19)j (16)
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where we have called the electrons associated with atom 2 as electrons 3 and k.
Using these we shall calculate the interaction energy between twu adsorbed atoms
keeping in mind that we have neglected any overlap forces due to quantum mechanical
exchange. The first term in the classical coulomb potential energy between two
neutral helium atoms with their nuclear distance R apart and with electron
coordinates as (x, , Vs 2 0s (Xgs Yos %) (xj, Y, s 2.) and (x,, v, 2,) is

%

2
V= %[“'*wa';rﬁae,)+(*ﬂw7:7r&2'?«)+<"a13+;=)s'“&) Tan
R -+ (127:.,"}2)1,"?3'22#)'{

2
This, when expressed in Hartree units ( €/4,), is given by

‘ . -
-\[ - —‘fé}[(x"‘? I 27 pj)f<x,xw7,;,,-:z,g,,, -+ (nx,? Jady- 2 Eazy) F{FaN, *+ 2y, -2212,.,&;8)

‘he interaction energics of the first and second order are

F)
4

ﬂﬂ Y A, AT AT,
AE." = e (19)

/{/f AT, AT T

/ K e
AE, = - WV’IVw"M'AVEM'/]/H*K%wr.and'gf‘ﬁ(zo)

Eu + Eay — B — E5q

Ne shall now evaluate the integrals appearing in the above expressions for the
interaction energy, IEach integral breaks up into several elementary integrals

whose values are given in the Appendixes at the end. Using those we get the inter-

action emergy in Hartree units,
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AE + £AE, = -

o T 4
R’(.Q(.7/ + '3(((F2+'1216F )

F.I-L 2'2!91F1+’

(+g25¢t 2. 80 (21)

where E, + Ea\ is the total erergy of the two electrons of an atom in Hartree
units when both electrons are in the ground state, and E,, + E,,is the total
energy of the two electrons when both are in the first excited state. These values

after correction for the Coulomb repulsion, are in Hartree units numerically equal

to
B, +E, = 2.5
a E, *+Egp= <70
giving ] _
E“ + B, - E, = E,, = 2,05
Thus chiag F
OB, +AE = - — — .
. % R>(-2¢71+ - 3¢c €7+ 1216F")

(22;
(ga§e+a-wupﬁ+2-2wlﬁw

ety e

?6( “2071 43 6ol Fae 216 FH|X2: 08

where first term is a dipole - dipole interaction energy and second is van der Wasl
tarm, If there is no field i.e. atoms are free, we have F = 0 and in this case
interaction energy is

- 8as¢

"2671 X 2:08

Hartree units

(23)

_ i vihere we have replaced
- £58 fie R byP../G s ] being in
cns, °

(Rfe.)'
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Thic value agrees fairly well with Slater’s value —

ergs,

A SR B Y

£
(R/x)
To evaluate the complete value of interaction energy we need an estimate of
the value of F from the energy of adsorption for heiium gas. This has been

measured experimentally and has a maximum value of avou% 100 cal/mole at zero coverage.

2
If we use this we have field intensity in ordinary unit:s yiven by -é'- X E N Wore

SECCRENRE " one S TR RO,

;‘;’O( Ezl\/ = loo x Lr')gXIv’]
or ] ) )
.
E?- = A )(’_O_u.__:,-—f_—-'g{,b ---——‘1 =) ,7~lf/x;u'u Z""! ‘
*20f x Io.':““)i‘é'a,'jlflo-3 (els',l,,[%._)
or
5. Lo neg
= = 2-722 xlo 4=

e.su, cla.ga
D

Expressed in Hartree umits this is

|
&
o
.%
2 ..'.,'
Qo 4
F = E x —= ,§
K3
- 2 16 =
2 7a2 xieo x (-528] x1¢ ;‘%
2 4.. go x '(“—'0 E:;ﬁ;
(24) %
= L0158 A
and therefore i
)
= [ 00010y 8BS - 0001393 - I-Soq ‘( *g
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Next we have evaluated the first order interaction & E, in Appendix D using

symetrized wave functions, In this case & E‘ is obtained to be

T T

FISTERN S INK

N e '003‘7~ -2
=

-— . X Jo

(R

which 18 a repulsive term because of overlap integrals which enter such a calculation.

erTgs.

This value merely shows that dipole - dipole interaction is repulsive and so
attraction will still be due to van der Waal force. The mumerical value of A &,

is very unrealistic because of the neglect of large mmber of terms in the evpansion
for W o

The whole analysis definitely leads us to thz conclusion that in the case of 3

adacrption of helium on solid surfaces, the close packing cannot be due to the

influence of the surface of adsorption in the sense that it increases the irutual -
‘9 attraction between the neighboring adsorbed atoms, Even if we extend this analysis t;
to larger nmwmher of nciphbors, the situation would not be essentially altered because %
the value cbtained for interaction energy will have to be divided by the number of 3 _E
neighbors to give the mutual interaction erergy between the atom under consideration ;?‘
and one of its neighbors, é
In conclusion we are lead to believe that if the anomalous adsorption is a : |
genuine phenomenon, the extra number of helium atoms probably diffuse through the §

adsorbing surface into the 8solid and do not rcmain confined to the surface.
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The integral / W AT, a7y A% T, is equal to

J

(3t

r

2
.2)7')):)_' | + 2 /:.(7(,+ ¥, 1 Yy, -4-‘);.')/:1) + A (x'«‘x&-ﬂf,‘x,

- z
—+77-12) ]A’r, AT,

—am () + %)
€ (1+2CH, +€

Sy om o sl vl

| —2n (T + Yy, ) T
. : T ox. ) + A (x4
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Now we find out the value of the non-zero mart of the second set of 6 integrals,

one of whose representative is
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APPENDIX D

First Order Interaction with Symmetrized ‘ave functions

I we take into acccunt the overlappins ~f electron wave functions of the

two atoms we can write the total wave function of the system in any of the four

ways
Wo(vz) g (30%)
() Yo 23)
W, (2,3) YY)
A (3,4) (1)
e have excluded in the above wave functions like W (1,3) ~y,(2, &) and

\V,(n.,tf} %( ,3) because of the operation of Pauli principle, The electrons 1 and 3

have spin in one direction and electrons 2 and 4 in opposite. So we do not exchangs
{

1l and 44 or 2 and 3. ‘'/e thus have a combination of four allowed wave functions which

are antisymnetric in the electron coor sn-tes 1 and 3, and also in 2 and 4
Vo= Y (L) W (34) = W) w(2,3) = %) Kby + (34 %KLY)

Vaking use of this we can write the first order intcraction encrgy as
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and in this the first four terms have the same value and all the nepative terms have
the same value, The positive integrals having exchange terms are neplipible because

the terms such as Wo(Y2) o) ¥ (34) Yal3y) are very small due to the
fact that it 1s hipghly imorobable that electrons 1,2 or 3,4 will be associated with

both the stoms at the same time, Thus we can write

where typical I}_ and I, are
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